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THEORY OF ELECTRIC CURRENT PERTURBATION PROBE OPTIMIZATION 
INTRODUCTION 
R. E. Beissner and M. J. Sab1ik 
Southwest Research Institute 
San Antonio, Texas 78284 
In this paper we present a mathematical model of the response 
of an electric current perturbation (ECP) probe l ,2 to surface flaws 
and to lift-off variations. We then show, by means of numerical 
examples, how the model can be applied to optimization of the 
signa1-to-noise ratio for a specific flaw detection problem. 
A MODEL OF ECP PROBE RESPONSE 
The difference between the ECP method and conventional eddy 
current methods is that the ECP probe uses a separate differential 
sensor wound on an axis parallel to the inspection surface. The 
reason for this "sideways" orientation of the sensor can be under-
stood with reference to Figure 1. 
Suppose we use a cylindrical induction coil with axis along z 
and with an outside diameter that is very large compared to sensor 
coil dimensions. The ECP sensor is located adjacent to the outside 
surface of the induction coil with axis along y. Because the in-
duction coil diameter is large, the eddy current induced in a con-
ducting specimen will approximate a linear current flow along the 
y axis, as shown on the left side of Figure 1. Magnetic flux lines 
will then be approximately parallel to the xz plane, and the flux 
threading the sensor coils, which are also parallel to the xz 
plane, is minimized. This means that coupling of the sensor to the 
specimen and, as a result, sensitivity to liftoff variations are 
minimized. The noise reduction advantage offered by the ECP sensor 
orientation is diminished if induction coil dimensions are compar-
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able to sensor dimensions, as illustrated on the right side of 
Figure 1. The arguments illustrated here thus provide a quali-
tative explanation for what we have observed in practice, namely, 
that signal-to-noise ratios are better for large induction coil 
diameters than they are for smaller coils. 
z 
SENSOR COILS 
FLUX 
--~---r~-+-------Y 
CURRENT 
z 
SENSOR COILS 
o o 
Figure 1. Surface coupling is minimized by using a large induction 
coil to obtain approximately linear current flow, as 
illustrated on the left, and by orienting the sensor 
coils as indicated. 
While the ECP sensor orientation improves flaw detectability 
through minimization of lift-off noise, from the modeling point of 
view turning the sensor sideways creates a new mathematical prob-
lem. 3 This is because the sensor-specimen system is then no longer 
axisymmetric, as it is when the sensor axis is in the z direction, 
and the Dodd and Deeds4 theory for axisymmetric systems cannot be 
used. As part of the development of an ECP probe model, it was 
therefore necessary to extend the theory to non-symmetric coils. 
The reciprocity theorem of electromagnetic flaw detectionS. 
can be expressed as follows: 
(1) 
where orfis proportional to the change in sensor voltage caused by 
the presence of the flaw, and cr is the electrical conductivity. 
The vector Er is the electric field inside the flaw when power Po 
is supplied to the induction coil, and ES is a hypothetical field 
that would exist at the same location in an unflawed specimen if 
power Po were supplied to the sensor coil. Thus, the reciprocity 
theorem tells us that to calculate the ECP sensor response we can 
treat the sensor as an induction coil and calculate the field ES 
produced in a specimen with no flaws. 
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The basic problem is therefore that illustrated in Figure 2, 
+ 
where we show a source current centered at Po' Zo and symmetric 
about an axis ~ which is inclined at angle e with respect to the 
normal to the surface of the conductor. We have solved the corres-
ponding vector potential boundary value problem with the following 
resu1t: 3 
where Z is a unit vector, p is a vector in the x-y plane, and 
+ __ ~ k cose + iky sine -0 ~ ~(p,Z) - ~ J kx (A + k) ~(k) 
+ 
(2) 
(3) 
where w is the angular frequency, k is a vector in the x-y plane, 
and 
(4) 
- + 
where & is the skin depth. The function ~(k) is the two-dimensional 
Fourier transform of the ~ component of the vector potential in the 
absence of the conductor. To apply eqs. (2) and 13) to the differ-
ential ECP sensor, we set e - ~/2 and calculated ~ for pair of 
coaxial coils with currents flowing in opposite directions. 
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Figure 2. Coordinate system for the calculation of sensor response. 
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Because ECP probes are usually operated at low frequencies 
«100kHz) and present interest is in materials of low conductivity. 
we can assume that the skin depth appearing in Eq. (4) is large 
compared to flaw dimensions and that we can therefore take A ~ k. 
With this approximation. the resulting expression for the 
y-component of the sensor field ES is 
where j is the constant current density. and 
ds /2 + t 
f p'I l (kyp')dp' 
ds /2 
with II the modified Bessel function of order one. The sensor 
dimensions ds ' t. 11 and i are defined in Figure 3. 
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Figure 3. ECP probe parameters. 
(5 ) 
To com~lete the flaw response model according to Eq. (1) we 
also need EI' the field inside the flaw. For this calculation we 
refer to the solution2 for a half-penny crack in a ~niform field 
Eo' in which case EI is a constant proportional to So' If we as-
sume that the same proportionality between Ei and Eo holds for a 
rectangular slot we then obtain 
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where lc is the slot length, Wc is the slot opening and y is a unit 
vector. For Eo we used the field strength on the conductor surface 
at the geometrical center of the crack opening, as determined by a 
calculation equivalent to that of Dodd and Deeds. 4 Induction coil 
parameters used in the calculation are those shown in Figure 3. 
To complete the ECP probe model, we also calculated liftoff 
response. Details will not be presented here because the theory 
is basically the same as that of Riaziat and Auld. 6 Significant 
differences are that we used Eq. (5) for the y-component of the 
sensor field, with the Fourier transform of the x-component given 
by 3 
Also, our liftoff integral was evaluated numerically for specific 
ECP probes. For all of the probe configurations we considered, the 
response to liftoff variations was linear over the range 0 to 0.2mm 
(.008 inches). 
PROBE OPTIMIZATION 
For the calculations reported here, the number of independent 
probe parameters was reduced by requiring that the cross-sectional 
areas of the induction and sensor coils be held constant. Our 
purpose was to determine how variations in these parameters effect 
the flaw signal from a 0.25 x 0.13 mm (.01 x .005 inch) surface 
slot, liftoff noise, and the signal-to-noise ratio. Signal 
strength was defined as the peak-to-peak amplitude in the bipolar 
signals2 obtained from scans along the length of the slot, while 
the noise component was taken to be the change in probe response 
caused by a 0.2 mm liftoff change. 
In deciding which probe parameters to vary, we were guided by 
earlier, experimental studies of surface flaw detection. These 
unpublished data tell us that detectability is enhanced if we make 
the diameter of the induction coil large compared to sensor 
dimensions, as was noted earlier, and also that a small sensor coil 
spacing (the distance 11 in Figure 3) is better for detection of 
small surface flaws. 
The results of the calculations are shown in Figures 4 and 5. 
In these plots, each curve has been multiplied by a scale factor to 
allow us to present all three curves on the same graph. The scale 
factors are the same for all plots so we can compare, for example, 
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the signal-to-noise (SiN) values from one figure with values from 
other figures for other probe configurations. In the particular 
case illustrated in Figure 4a we see that signal-to-noise improves 
as expected as we increase the induction coil diameter by 
increasing the core size. Figure 4b shows that pancake-shaped 
coils, those with small length-to-thickness ratios, offer some 
advantage over long, thin windings, though the differences are not 
large for the range of values considered here. Still, the results 
show the same effect as in Figure 4a--signal-to-noise improves as 
the outer diameter of the coil is increased, in agreement with the 
intuitive argument presented earlier and with what is in fact 
experimentally observed. 
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Figure 4. Effect of induction coil diameter on ECP probe response. 
In Figure 5 we consider the effect of coil separation in the 
differential ECP sensor. In one case, Figure 5a, we keep the 
overall length of the sensor constant and change the distance 
between coils by varying the shape of the windings. In the other 
set of calculations the winding shape is constant and the distance 
between coils is varied. Both figures show the same effect, which 
is that signal-to-noise improves as the coils are moved closer 
together, again in agreement with empirical findings. We should 
note that this result holds only for small surface flaws. Other 
calculations indicate that there is an optimum spacing that 
depends on flaw size and, in the case of subsurface defects, depth 
below the surface. 
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SUMMARY AND CONCLUSIONS 
We have reported the development of a theoretical model of 
flaw and liftoff response for non-axisymmetric probes, such as the 
ECP system, and a demonstration that the model is consistent with 
empirical results pertaining to ECP probe optimization. This gives 
us some confidence that the theory can be applied to other optimi-
zation problems involving different types of defects. However, for 
certain applications it will be necessary to avoid the low fre-
quency approximation involved here, so that skin depth effects and 
phase information can be considered. Also, in applications to 
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Figure 5. Effect of sensor coil spacing on ECP probe response. 
probes that operate at higher frequencies, there is a need to 
improve the flaw interaction model by taking into account the non-
uniform spatial distribution of the induced field in the conductor. 7 
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DISCUSSION 
D.O. Thompson (Ames Laboratory): Do you have any simple physical 
argument, Bob, as to why the noise flattens out as a function 
of diameter? 
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R.E. Beissner: I think the numbers that I chose were such that I 
was already at large coil diameters, not seeing much change. 
In other words, even the smallest diameter on that curve, I 
would still essentially have linear flow. To make it any 
bigger didn't make a whole lot of difference. It is just a 
matter of numbers. 
